Subtropical Convergence Zone (STCZ) enhances the meridional sea surface temperature (Ts) gradients between 26 ø and 32øN. In the presence of this enhanced mean gradient, baroclinic eddies with zonal wavelengths of =800 km and periods of =200 days exert the dominant influence on the formation of subtropical fronts at medium and large scales. These eddies generate westward propagating Ts anomaly features with the same dominant wavelengths and periods. They are confined between 26 ø and 32øN and have amplitudes that occasionally exceed +_ IøC. Ts fronts tend to be found within bands =200 km wide that roughly follow the periphery of these anomaly features. Deformation in the horizontal eddy current field is primarily responsible for the existence of these frontal bands. The migration of the strong front originally bracketed by the FASINEX moored array was related to the westward propagation of the larger-scale eddy/anomaly/frontal-band pattern. The moored array was located within a warm-anomaly feature during most of the experiment, which produced exceptionally warm conditions in the upper ocean. These anomalies are confined between 26 ø and 32øN, not only because the relatively large seasonal mean Tsy there allows horizontal eddy currents to force strong anomalies, but also because the baroclinic eddies with wavelengths of =800 km and periods of =200 days are confined to the STCZ. Large meridional variability exists in many properties of the eddy field, much of which can be traced to the influence of the Sargasso Sea mean current field on eddy variability.
INTRODUCTION
The Frontal Air-Sea Interaction Experiment (FASINEX) was designed to study air-sea interaction processes in the vicinity of an oceanic surface temperature front, specifically the subtropical front within the Sargasso Sea Subtropical Convergence Zone (STCZ), over wavelengths less than lea km. Information on the larger-scale background variability of the ocean relevant to the FASINEX measurements was also collected to aid in the interpretation of these measurements. In this paper the variability of sea surface temperature (Ts) and surface temperature fronts over horizontal wavelengths of o(lea) to o(lea0) km (henceforth referred to as medium-and large-scale variability) and periods of o(lea) days (henceforth referred to as low-frequency variability) is examined in the FASINEX region. Another goal is to connect the large-scale oceanographic climatology of the region described by Hanson et al. [ this issue] to the smallerscale ocean measurements described in other papers in this issue.
Since the FASINEX region ( Figure 1) is located in the southwestern part of the North Atlantic subtropical gyre, long-term mean flow due to the gyre circulation is expected to be toward the west and southwest, with speeds increasing toward the north and west as the Gulf Stream recirculation region is approached [e.g., Storereel et al., 1976; Olson et al., 1984] . However, the existence of a zonal band of mean eastward current in the Sargasso Sea a few degrees of latitude wide within and above the main thermocline has been documented in a number of studies, including those of Iselin [1936] , Reid [1978] , Ebbesmeyer and Taft [1979] , Rossby et al. [1983] , and Olson et al. [1984] . This eastward current is evident in the meridional cross sections of zonal geostrophic velocity, derived from the Levitus [1982] is shown by the solid straight line.
dominated by very large wavelengths (>>1000 km). Physical processes then act upon this imposed background T s field to generate surface temperature fronts a few kilometers wide. During winter, when the magnitude of the background T s gradient is relatively large, the fronts that form can have temperature jumps of up to 3øC within 10 km, and they can exceed 1000 km in length [Voorhis and Hersey, 1964; Voorhis, 1969] . Such a front was selected for study during FASINEX. Physical processes generating these fronts act over several decades of wave number space, with their relative importance varying as a function of wave number and frequency. During summer, when the background T s gradient is small, surface temperature fronts are weak or nonexistent, and generally cannot be observed in satellite infrared images. However, studies conducted in the North Pacific STCZ [e.g., Roden, 1975; White et al., 1978] show that salinity fronts do not disappear in summer, and they also show that temperature fronts do not disappear in summer beneath the shallow mixed layer. Consequently, many of the physical processes responsible for winter frontogenesis must also operate during summer, with the absence of strong summer Ts fronts resulting largely from the weak background surface gradient.
In climatological mean Ts fields, the surface subtropical front appears as a zonal band of enhanced meridional Ts gradient that is a few degrees of latitude wide [e.g., Roden, 1975 ]. This broad frontal band will be referred to here as the subtropical frontal zone (SFZ) to distinguish it from actual fronts. White et al. [1978] used historical temperature data to describe the seasonal and interannual large-scale variability of the North Pacific SFZ from 1954 to 1974. Based on estimates of the zonal 0/200 dbar geostrophic shear, he determined that the frontal zone near the western end of the North Pacific was strongest (had the largest magnitude meridional temperature and density gradients) and farthest north in spring, and was weakest and farthest south in fall. The magnitude of this seasonal variability decreased toward the east. Significant interannual variability in the seasonal cycle was also documented, with the SFZ tending to be stronger during E1Nifio years. A similar detailed study of the western North Atlantic SFZ and its variability at these wavelengths and periods did not exist prior to FASINEX. In the monthly meridional cross sections of temperature in the Sargasso Sea presented by Schroeder [1965] , the frontal zone was located between 25 ø and 30øN from October through May. The relatively weak near-surface meridional T s gradients, along with the temperature perturbations due to the presence of baroclinic eddies, made it difficult to identify the frontal zone during summer.
In the presence of mean negative meridional temperature gradient near the surface, the mean negative meridional gradient of meridional Ekman transport that exists in the STCZ between the westerlies to the north and the trade winds to the south has long been considered a primary generation mechanism for subtropical fronts, and theoretical studies of this mechanism have been presented by De Szoeke [1980] , Welander [1981] , and Cushman-Roisin [1981] . For simplicity, this mechanism will be referred to as Ekman frontogenesis. Roden [1975] showed how the mean SFZ in the Pacific was located near the latitude where the negative meridional gradient of mean meridional Ekman transport was largest. The significance of this process is also confirmed by other observational studies [e.g., Roden, 1980; Roden and Paskausky, 1978] . Other processes may also be important, however. For example, Cushman-Roisin [1981] points out that the cold (warm) wind-driven heat advection tends to decrease (increase) the magnitude of the temperature jump across the mixed layer base to the north (south) of the SFZ. This will influence the meridional distribution of mixed layer entrainment, and thus the strength and meridional symmetry of the SFZ. Even more significant are the models of De Ruijter [1983] and Cushman-Roisin [1984] that illustrate two mechanisms by which horizontal gradients of vertical heat fluxes can lead to frontogenesis. Also, the numerical model of Takeuchi [1984] was capable of generating a SFZ in the absence of Ekman frontogenesis, indicating that other (unidentified) processes must be producing frontogenesis in the model. As smaller space and time scales are resolved by data, the observed structure and variability of fronts in the STCZ becomes much more complex. This is illustrated for space scales in the North Pacific STCZ by the superposition of salinity maps created from data sets with different resolution by Niiler and Reynolds [1984] . At wavelengths of O(1000) km, the enhanced salinity gradients associated with the SFZ appeared as a broad zonal band, just as for temperature. As wavelengths down through O(100) km to O(10) km become resolved, highly convoluted isohalines and salinity fronts appear in the maps within the SFZ. Within frontal zones such as the SFZ, one or more fronts are often observed, and these fronts can at times be highly convoluted. These characteristics of frontal variability were observed in the eastern North Pacific SFZ by Samelson and Paulson [1988] . Fedorov [1983] has discussed this scale dependence of frontal properties.
Although the FASINEX region was located within a broad, zonally oriented minimum of eddy energy [e.g., Dantzler, 1977; Emery, 1983; Robinson et al., 1983] , 1982] . Eddy variability is therefore largely responsible for the complex horizontal spatial structure of salinity and temperature observed in high-resolution maps.
MEDIUM-AND LARGE-SCALE VARIABILITY OBSERVED

DURING FASINEX
Data Sets
Several different data sets were generated to study medium-to large-scale variability. Analyses performed during the FASINEX period Cornilion, 1989, 1990a, b] were performed using Ts maps derived from 5-day compos- 
Monthly Averaged Fields
The 5-day Ts maps created for the long-term studies are used here to describe the medium-and large-scale upper ocean variability during FASINEX. To facilitate the comparison between the maps presented here and the climatological maps presented by Hanson (Figure 3 ) revealed a much more complex frontal pattern than the monthly averaged Ts maps. Fronts were found throughout the domain except for May and June, when strong solar heating made them more difficult to detect, especially in the southern part. Fewer fronts were observed during January than in the following 3 months owing to relatively extensive cloud cover. Prior to June, frontal paths tended to be found within bands that were typically --•200 km wide and had characteristic separation scales of up to several hundred kilometers. These bands can be thought of as regions where, over a time interval of about 1 month, there is a greater probability of encountering a persistent Ts front than elsewhere. The bands were best developed during February, when several well-defined bands surrounded regions that were nearly free of fronts. The bands were more diffuse in the other months. The paths of individual fronts within the bands were often highly convoluted over distances of 10-100 km. One front was usually present within a band at a given time, but segments of these bands occasionally contained broken and multiple fronts. The strength and location of fronts often changed dramatically within a period of one to several days, consistent with the submesoscale variability observed by Voorhis and Bruce [1982] . In contrast, frontal bands evolved much more slowly.
The monthly averaged vector wind stress field (Figure 4 ) differed substantially from month to month. Monthly averaging was sufficient to resolve the mean westward wind stress at 22.5øN during all months owing to the relative persistence of the trade winds, but it was insufficient to resolve the mean eastward stress expected in the northern part of the domain because the very strong synoptic-scale (2 days to 2 weeks) variability in the westefiies was not averaged out. Consequently, the large-scale wind stress pattern responsible for Ekman frontogenesis can only be detected by averaging the wind stress field over a period banded structure evident in most monthly compilations was only slightly evident owing to the temporal evolution of bands, along with the fact that all fronts are not confined to the bands. When frontal paths are compiled over a time interval sufiSciently long to obtain a stable estimate of the large-scale wind field responsible for Ekman frontogenesis, the resulting distribution of frontal paths is no longer related to this pattern. Other processes must exert a strong influence on the distribution of fronts.
Phase H Fields
Six gap-free 5-day infrared images spanning the Phase II period were created by filling cloud-contaminated portions of 4 km resolution images using objective analysis (Plate 1). Cross-hatching denotes these interpolation regions in Plate 1. All frontal paths visible during each 5-day interval have been overlaid onto these images.
The tendency for fronts to appear in persistent bands is very evident in the 5-day path composites (Plate 1), since FASINEX Phase II was conducted during the period when the frontal bands were most clearly developed. The large space-time variability in the number of frontal paths within different segments of the frontal bands is primarily due to uneven sampling caused by cloudiness. The locations of these frontal bands are generally marked by T s jumps in the images (Plate 1). The unusually warm region that was moving over the FASINEX moorings during this period is also evident. There is an indication that frontal variability within the bands during Phase II was temporally modulated. Frontal variability was very small between February 25 and March 1 (Plate l d), with a long single coherent front generally present within each band that migrated no more than 20-30 km. In contrast, the variability was much larger between March 7 and 11 (Plate lJ), with paths migrating over crossband The mean time derivative term was dominated by a relatively large-scale anisotropic banded structure, with the major axis oriented SW-NE. In contrast, the Ekman term qualitatively resembled the theoretically expected pattern, producing cooling in the north due to southward transport and warming in the south due to northward transport (Figure 6) . The time derivative term of (1) was about 3 times larger in magnitude than the Ekman term. The Ekman term was acting to maintain the SFZ during FASINEX, but other processes obviously exert the dominant influence on Ts at the scales resolved in Figure 6 . To test if the relationship between these two terms is detectable at very large zonal scales, the two terms graphed in Figure 6 were zonally averaged across the entire analysis domain [Halliwell and Cornilion, 1990b of constant h, useful results were obtained by analyzing the balance given by the first two terms of (1), referred to as the time derivative and Ekman terms [Halliwell and Cornilion, 1990b ].
Calculations were performed over the period between mid-January and mid-May 1986, which is prior to the onset of rapid seasonal warming and a period when the assumption of constant h was not too unreasonable (Halliwell, submitted manuscript, 1991) . Averaging over 4 months was also required to obtain a stable estimate of the large-scale "mean" wind stress pattern responsible for Ekman frontogenesis, as discussed in section 3.2. Four-month averaged maps of the time derivative and Ekman terms ( Figure 6) show that they were spatially uncorrelated with each other. The averaged time derivative of T• equals the final minus initial T• field, and the contribution of the seasonal cycle to this term was
Westward Propagating Ts Anomaly Features
The westward propagating T s anomaly features identified by Halliwell and Cornilion [1989] were responsible for the apparent westward shift of the wavy isotherm pattern in Figure 2 (section 3.2 14, 1986 (Figure 8) show that the magnitudes of the anomaly features sometimes exceeded +_ IøC, and that the features were anisotropic, with a SW-NE major axis orientation. The characteristic wavelength and periods of sa field (Figure 8) . The westward march of these features can account for the structure and magnitude of this term, since the averaging interval was close to one-half period. It was thus the physical processes generating the westward propagating anomaly features that were primarily responsible for masking the influence of Ekman transport on the SFZ. Zonally averaging the two terms in Figure 6 may have exposed a relationship between them because they were averaged over two to three anomaly features, largely cancelling their influence. = 28øN (Figure 9 ). Westward propagation is visually evident from October 1985 through June 1986. In particular, the cold and warm features located near the FASINEX moorings in early 1986 (Figure 8) were in existence throughout this 9-month interval. The zonal scales and amplitudes of these two features both increased substantially at the beginning of January; otherwise, their properties remained fairly constant with time.
), and it was the propagation of these features that masked the influence of the large-scale Ekman transport field on T• and the SFZ. To illustrate the structure of these features, 5-day anomaly maps of Ts (Tsa) were produced using the T• maps created for the long-term analyses by first calculating and removing the 7-year average seasonal cycle. A new set of anomaly maps (T'sa) were then produced by removing linear trends from each Tsa map. Maps of T'sa for the 5-day time intervals centered on January 13 and March
A contour plot of T'sa (x, Y o, t) prepared from the 7-year data set illustrates the life history of the FASINEX anomaly features at Y0
The warm-anomaly feature that propagated over the FASINEX moorings had a large influence on the upper ocean heat content. A time series of the heat content at 28øN (Figure 10) along the ship-of-opportunity path (Figure 1) between the surface and a depth just beneath the layer significantly influenced by the seasonal cycle (160 m) shows that the seasonal cycle dominated as expected from June 1984 to December 1985, with the largest (smallest) heat content occurring at the end of summer (winter). However, the passage of the warm-anomaly feature during the FASINEX winter caused the heat content to reach the levels observed during the previous two summers. This heat content was anomalously large during winter 1986 because isotherms in the seasonal thermocline were displaced downward by up to 60 m (Halliwell, submitted manuscript, 1991) , and because the temperature within the mixed layer was about IøC warmer than normal during this winter [Halliwell Fig. 10. The total heat content above a depth of 160 m [Q-160  (t)], the approximate depth below which the seasonal cycle was not  felt, between mid-1984 and mid-1986, graphed with Y0 ( 33ø, 28ø, and 23øN) . The highly elongated central positive correlation peak at 28øN (Figure 11) reveals the dominance of westward phase propagation at that latitude. In contrast, westward phase propagation is only slightly evident at 33øN and is not evident at all at 23øN. 5øN (Figure 12) , which was the latitude of maximum correlation between the two fields. The two autocorrelation functions are very similar in structure, indicating that variability in both fields is dominated by the same wavelengths, periods, and westward propagation speeds.
Anomaly Forcing by Baroclinic Eddies
The relationship between baroclinic eddies and Ts anomalies was quantified by
The cross-correlation function also has very similar struc-ture, but the central positive correlation ridge, which contains statistically significant (to 95% confidence) correlation values, is displaced toward negative space and time lags. This displacement is consistent with warm (cold) anomalies being located to the west (east) of topographic highs, where warm (cold) water is being meridionally advected across 28.5øN by the eddies. al. (submitted manuscript, 1991) demonstrated that forcing by horizontal eddy geostrophic currents accounted for many of the observed properties of the anomaly response. They demonstrated that the relatively large anomaly response between 26 ø and 32øN was partly due to the relatively large mean negative Tsy there. They also demonstrated that other factors contributed to the confinement of the westward propagating anomalies between 26 ø and 32øN. First, baroclinic eddy variability at wavelengths of •800 km and periods of •200 days was also confined to the STCZ. Second, the temporal persistence of eddy features at this wavelength and period was relatively large, so anomalies with this wavelength and period were relatively persistent and thus easier to detect above the noise. Eddy persistence as a function of latitude is illustrated in Figure 13 Brink, 1989] , indicates that the transition wavelength is about 600 km. These dynamics are further discussed by Halliwell et al. (submitted manuscript, 1991) . They also discuss other dynamical mechanisms that could produce meridional variability in eddy properties, such as instabilities of the mean current field and Rossby wave refraction due to mean current shear. Considering the latter mechanism, Chang [1990] and Chang and Philander [ 1990] 34ON 1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1 the eddy field is providing energy to the mean currents. Sorting out these questions will require adequate subsurface data to test appropriate models.
Halliwell et
Mean Tsy Velocity Scale
Frontal Variability
In coarse-resolution maps of Ts, such as in Figure 5 , the large-scale SFZ is the only identifiable frontal structure present from fall through spring. The next-finer frontal structures in the Sargasso Sea become visible in contour plots of IVTsl, such as the one for February 1986 presented in Figure 14 . Interconnected bands of relatively large IVTsl are evident that tend to be strongest (IVTsl the largest) within the SFZ. These are essentially the same bands within which the monthly compilation of frontal paths are concentrated (Figure 3) . Two steps leading to eventual frontogenesis have thus been identified. The predominantly zonal band of enhanced background T s gradients associated with the SFZ is set up first, in part due to Ekman frontogenesis. Other processes then act to enhance T s gradient magnitude within the interconnected bands.
It is within these bands that strong fronts tend to form. Consequently, the processes responsible for creating the bands of large IVTsl form a vital link in the formation of subtropical fronts. It is the baroclinic eddies responsible for the propagating T s anomalies between 26 ø and 32øN that are primarily responsible for producing these organized frontal bands. Comparison of Figures 8 and 14 indicates that the frontal bands tend to be found around the peripheries of the warm-and cold-anomaly features. This pattern is consistent with frontogenesis that arises owing to deformation present in the horizontal eddy current field. Figure 8 at the times of the corresponding T'sa maps, but with a minimum contour level set to outline only the stronger frontal bands. The strongest segments of these bands exist where they separate a warm feature to the south from a cold feature to the north. The strong segment with a SW-NE orientation evident between about 69 ø and 72øW, which contained the strong front across which the FASINEX central mooring array was deployed [Weller, this issue], is evident on January 13. This segment shifted northwestward with time, along with the strong front within it, to be located •2 ø to the north of the central mooring array during FASINEX Phase II, as shown by the March 14 position (Figure 8 ). This apparent northwestward propagation appears to be related to the westward propagation of the large-scale anomaly features, given the SW-NE orientation of the strong frontal band. The large-scale wind field was not responsible for the propagation of this frontal band. Halliwell and Cornilion [1990b] showed that the large-scale Ekman transport field was acting to shift the fronts near the FASINEX site toward the south on average, not toward the west or northwest as observed.
Remote Atmospheric Forcing
If the Ts anomaly features are at least partly driven by an underlying baroclinic eddy field, then remote atmospheric forcing could indirectly influence the surface anomaly field if the underlying eddies are partly driven by this forcing. Frankignoul, 1981 ; at the eastern boundary [e.g., Cummins et al., 1986] , or over the mid-Atlantic ridge [Barnier, 1988] .
Eddies can be forced by atmospheric variability in the open ocean [Mfiller and
Observational evidence of remote atmospheric forcing [Brink, 1989] was obtained in the FASINEX region using the long-term FASINEX moorings F1 and F12 (Figure 1) . Periods shorter than about 50 days were resolved in these analyses, so the results do not directly apply to the dominant baroclinic eddies that forced the westward propagating Ts anomalies. At these periods, simple models for flat-bottomed oceans predict that the ocean response should consist of barotropic Rossby waves. Price and Rossby [1982] detected variability due to barotropic Rossby waves in the Sargasso Sea with periods of several tens of days using Lagrangian current measurements. However, the current response at F1 and F12 was surface intensified and associated with isotherm fluctuations. This was attributed in part to the influence of topography on Rossby wave modes [Brink, 1989] . A simple linear model qualitatively predicted some of the properties of the response but significantly underestimated the amplitude [Brink, 1989] . Similar results were obtained in the eastern North Atlantic by Satnelson [1990] . These studies confirm that remote atmospheric forcing will have to be considered in studies of medium-and large-scale oceanic variability.
SUMMARY
The formation of subtropical fronts was strongly modulated by baroclinic eddies at medium and large scales. The first step toward frontogenesis is the enhancement of meridional Ts gradients between about 26 ø and 32øN, due at least in part to Ekman frontogenesis caused by the large-scale "mean" wind stress field. Eddy with wavelengths of •800 km and periods of •200 days are relatively effective at forcing T s variability within the STCZ, because this eddy variability is confined to the STCZ and because the large mean meridional Ts gradient there allows horizontal eddy currents to force relatively strong anomalies. These eddies generate bands of enhanced Ts gradient magnitude that are •200 km wide and separated by up to several hundred kilometers through deformation in the horizontal current field. Smaller-scale eddies then exert the dominant influence on frontogenesis and frontolysis within these bands. The eddy-generated bands of enhanced Ts gradient magnitude are where strong fronts evident in AVHRR images are most likely to form. Westward propagation of the medium-and large-scale eddy/anomaly/frontal-band pattern exerted a significant influence on FASINEX measurements by producing an apparent northwestward shift of oceanic fronts that had a SW-NE orientation. This orientation, which is noted by Eriksen et al. [this issue], was apparently imposed by the horizontal structure of the eddy-forced T s anomaly features, which were anisotropic during FASINEX, with a SW-NE major axis orientation. The propagation of a warm-anomaly feature past the FASINEX moorings during most of the experiment produced very warm conditions in the upper ocean. Successful theories of the formation and variability of subtropical fronts must consider the influence of the eddy field over a very wide range of wavelengths. The largest eddies that influence frontal variability are themselves apparently influenced by shear in the large-scale mean current pattern, which is itself influenced in part by the mean large-scale meridional density gradients associated with the mean SFZ. At the medium to large scales resolved in the present analyses, frontogenesis involved a complex interaction among the large-scale Ekman transport pattern, the mean current pattern, the oceanic baroclinic eddy field, and the mixed layer. We were only able to test some of the dynamical processes leading to this complex interaction.
